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ABSTRACT

THE STUDY OF DOWN-HOLE HYDRO-CYCLONE EFFICIENCY IN
OIL WELLS USING COMPUTATIONAL FLUID DYNAMICS
AHMED A. YUSUF
Water is by far the largest waste stream associated with oil and gas production and it is
unimaginable to find an oil reservoir absolutely free from connate water. Water
management has become an important issue of hydrocarbon production, since the
produced water increases as the field grows older and the cost of water handling, such as
separation, treatment and repair is dramatically increasing. Down-Hole Separation
(DOWS) and re-injection results in the production of oil to the surface, while portions of
water are injected to the underground formation without ever being lifted to the surface

DOWS depends on geological characteristics of the producing and injection formation,
down-hole conditions, well configuration and equipment, installation procedures, hydrocyclone arrangement and water disposal.
With their compact size, Liquid-Liquid Hydro-Cyclones (LLHC) can perform as an
integral part of a down-hole oil water separation system. Despite performance and
functionality of cyclones not being fully understood, they have created new possibilities
for separating fluid down-hole for the producing formation and injecting separated water
far away from the production interval. Before placing cyclones into practice, a study of
fluid properties, well geometry, and characteristics of the formation can yield valuable
information about the applicability and efficiency of DOWS.
In this study, Computational Fluid Dynamic (CFD) was used to determine the effect of
changes in API oil gravity, flow rates and cyclone geometry in order to understand the
behaviour of LLHC in down-hole conditions. CFD is a tool that can predict the quantity
of oil flow into surface, the quality of injected water into formation, split ratio, separation
efficiency, mass transfer and related phenomena by solving numerically set of governing
equations defining the fluid behavior in a DOWS.
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CHAPTER I: INTRODUCTION
1.1 PRODUCED WATER PROBLEMS
Water is by far the largest waste stream associated with oil and gas production and it is
unimaginable to find an oil reservoir absolutely free from connate water. Separation of
water from oil and gas is the oldest practice in the petroleum industry.
When oil is retrieved from underground wells, it is often accompanied by significant
amounts of water, called produced water. Produced water refers to the water brought up
from the hydrocarbon bearing strata during the extraction of oil and gas. This water can
include formation water, injection water, and any (waste) surfactants added down-hole or
during the oil/water separation process. Produced water always contains dispersed and
dissolved oil and other varieties of dissolved inorganic and organic compounds,
suspended solids such as formation fines, sand, scales and corrosion products. This
mixture of oil and water needs to be separated and the water disposed of or re-injected
into the reservoir before the oil can be exported to refineries
Water management has become an important issue of hydrocarbon production, since the
produced water increases as a field gets older and because of the dramatically increasing
cost of water handling, such as separation and treatment. In addition, the withdrawal of
water contributes to the reduction of pressure and water re-injection is required to
maintain reservoir pressure in order to enhance oil recovery.
Traditionally, large, heavy gravity separators have been used to separate oil and water.
Due to the slug flow of the oil/water interface these separators are not stable and
separation efficiency is reduced, making it harder to produce only oil at the surface, thus
creating economic and environmental challenges.
As the oil concentration changes, such as in oily wastewater containing more than 90% of
water, oil content can be as low as 50 ppm or as high as 500 ppm. In a mature oilfield oil
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content can vary between 2% and 10%, depending on the oilfield’s characteristics. The
separation process varies based on the oil-water mixture. Most commercially available
oil-water separators rely on the gravity movement but this separation method is not
effective in less-dense oil in down-hole oil-water separation.
With their compact size, hydro-cyclones can be used to replace large surface separators,
both on newly built platforms and existing ones with water- handling constraints that
usually occur in mature fields. Liquid-liquid hydro-cyclones can also be used as an
integral part of a down-hole oil-water separation system. They created new possibilities
for separating fluid down-hole in the producing formation and injecting separated water
far away from the production interval. The cyclone divides the liquid mixture into two
streams as oil stream to be lifted to the surface and an oil-depleted water stream to be
injected into a disposal zone. Before putting cyclones into operation, one has to
investigate fluid properties, well geometry, well completion and characteristics of the
formation.
Computational fluid dynamic (CFD) simulations and modelling were conducted to
understand the behaviour of the liquid-liquid hydro-cyclone (LLHC) in down-hole
conditions. CFD is a tool that can predict fluid flow, split ratio, total separation
efficiency, pressure drop, heat and mass transfer, chemical reactions and related
phenomena by solving sets of governing equations.

1.2 CFD APPLICATION IN PETROLEUM ENGINEERING
Computational Fluid Dynamics (CFD) is a part of fluid mechanics that brings to
perfection for experimental and analytical fluid engineering. CFD is the science of
predicting fluid flow, heat and mass transfer, chemical reactions and related phenomena
by solving numerically sets of governing equations. Its capabilities and application have
been widely expanded, giving, experts in the petroleum industry confidence to use this
predictive tool in many applications ranging from drilling to production and processing.
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CFD models were applied to simulate the hydrodynamics of complex machinery and
equipment involving moving parts, erosion, heat transfer, chemical reactions and
multiphase flow. Fluent models have been developed and tested with applications such
as; drill bits, pumps, static mixers, distillation trays, separators, packed beds, fluidized
beds, reactors and multistage compressors. Fluent solves transport equations needed for
each application. It is capable of solving a fast array of a complex phenomenon using a
storehouse of physical models. We can apply CFD to many problems in petroleum
engineering, such as: [1]
•

Drilling fluids, such as mud (non-Newtonian viscosity laws)

•

Production in oil fields, including flow around down-hole injectors

•

Flow involving two-phase and three-phase (gas-solids, liquid-solids or liquidliquid mixtures).

•

Compressors, pumps, propellers and impellers.

•

Flow in refinery equipment such as crude oil desalters and reactors.

•

Erosion and other effects of particle-laden flows (comprehensive particle-tracking
algorithm)

1.3 HYDRO-CYCLONE OPERATION IN DOWN-HOLE
The hydro-cyclone is a static separator which utilizes fluid pressure energy to create
rotational fluid motion. The hydro-cyclone separates lighter components from a liquid
medium which is usually water. It was due to this water medium prevalence that the
name “hydro-cyclone” was coined. In contrast to sedimenting centrifuges, hydrocyclones have no rotating parts and necessary vortex is produced by pumping the fluid
tangentially into a stationary cone-cylindrical body. The vessel at the point of entry is
usually cylindrical. It can remain cylindrical over its entire length, thought it is usually
tapered. [2] Figure 1 shows what is generally accepted as the normal design of the hydrocyclone. The cylindrical part is closed at the top by a cover, through which the liquid
overflow pipe, or vortex finder, provides outlet for lighter components. Classification of
the hydro-cyclone is often in terms of the cylindrical section diameter. Individual hydrocyclone diameters range from 10 mm to 2.5 m.
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Figure 1. 1: Features of Hydro-cyclone [2]
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Hydro-cyclone separates substances of different densities by centrifugal force and then
the lighter phase (oil) flows to the overflow outlet and the heavier one (water) to the
underflow outlet. Perfect separation of oil and water mixture is not possible.
Since the early 1980s, the oil industry has employed hydro-cyclone to separate oil and
water because of its compactness, low resistance time, lack of moving parts and absence
of fine clearance elements that could be blocked or need replacement.
Early studies by Colman and Thew [3] were used to design hydro-cyclones to de-oil
produced water to discharge to the sea, de-water oil to sales specifications, treat oil spills
at the sea, and, more recently, in down-hole oil-water separation.
Hydro-cyclone performance is measured in terms of separation efficiency, controlled by
inlet fluid properties (differential fluid density, free gas and oil concentrations) and
operational conditions (split ratio, flow rate and pressures). Flow capacity of one hydrocyclone is low compared with the total flow of a well. Therefore, hydro-cyclones are
arranged vertically in series. The number of hydro-cyclones needed depends on the total
flow rate from the reservoir. [4]
There are three types of hydro-cyclones used in down-hole separation.
1. Bulk hydro-cyclones,
2. De-watering hydro-cyclones
3. De-oiling hydro-cyclones.
These hydro-cyclones are more or less the same design but operate differently.
The bulk hydro-cyclone splits the mixture of oil and water produced from the reservoir
into one oil-rich flow and one water-rich flow. The oil-rich flow goes to the de-watering
hydro-cyclones where most of the water is removed resulting in clean oil phase.
The water flow from the bulk hydro-cyclone goes to de-oiling hydro-cyclones where oil
is removed. De-oiling and de-watering hydro-cyclones prioritize one phase, water or oil
respectively. Thus one clean phase and one polluted phase exit the de-oiling hydrocyclone and de-watering hydro-cyclone, respectively. [5]
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The physical separation conditions down-hole are quite different from the surface
conditions. Temperature and pressure drop as the fluid flows to the surface. Due to high
temperature and pressure, fluid viscosity is at the minimum at the bottom of a well.
Low viscosity improves separation and reduces pressure loss in the hydro-cyclone. High
pressure and temperature also reduce shear forces. A droplet collapses easier if shear
forces are small, resulting in improved hydro-cyclone efficiency.
Hydro-cyclones are widely used in produced water treatment. An analysis of physical
separation conditions both surface and down-hole suggest that hydro-cyclones can be
used successfully for down-hole separation.
Down-hole oil-water separation may offer several reservoir benefits. This technology
may reduce the hydrostatic column, which is significant for low-pressure reservoirs, the
life of the reservoir may be extended, and production will be increased. Gas lifting will
be postponed by applying this system. [5]
1.4 THE PERFORMANCE FACTORS OF THE CYCLONES
Hydro-cyclone operation is influenced by a number of parameters, some of which are not
fully understood at this moment. The parameters that are affecting efficiency of
separation are as follows:
•

The split ratio (F). Defined as the ratio of the overflow rate (oil) to the total inlet
flow rate (liquid). Previously researchers thought F>5% was average, but now
using small upstream outlet diameter, F can be reduced to about 1% [3]. The split
ratio is expressed as:

F =

q over

− flow

q inlet

* 100

(1)

Where:
qover-flow = the total oil flow rate at the upper outlet of the hydro-cyclone, m3/s
6

qinlet
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= the total inlet flow rate (oil + water), m /s

(b) Oil Separation Efficiency (εff): It is the practical interpretation of separation of
the purity of individual discharge streams. Many references quantify the relative
phase composition of the separated streams in the form of a percentage by volume
measurement. [6]

ε ff =

q oil − overflow
q 0 il − inlet

* 100 %

(2)

Where:
qoil-overflow = the flow rate of oil at the overflow
qoil-inlet = the flow rate of the oil at inlet.
(c) The pressure drop. It affects pumping requirements, and represents energy
required to spin the incoming fluid. The pressure drop of individual cyclones
ranges from 5 to 90 psi, with smaller units usually operated at a higher pressure
drop than the large ones. Under normal operation there are two measured pressure
drops across a hydro-cyclone. One is the difference between inlet and rejected
pressure, and the other is the difference between inlet and outlet pressure. The
first one is always greater than the second. The relationship between two different
pressure drops is called pressure difference ratio (PDR) and is defined as [6]:
PDR =

Pin − Prej

(3)

Pin − Pout

Where:
Pin = inlet pressure,
Prej = the rejected pressure or overflow outlet (oil)
Pout = the pressure of underflow outlet (water)
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(d) Flow rate. Minimum flow rate is necessary in order to establish the vortex motion
and create the central core. Generally, as flow rate increases, the efficiency of
separation increases. Lower flow rates create longer residence times but lower
acceleration forces. Conversely, higher flow rates result in higher acceleration
forces and smaller residence times. Hydro-swirl performance is independent of
flow rate. [7]
(e) The density difference. This is the biggest driving force for the separation. The
bigger the difference, the more rapid is the separation.
(f) The temperature. A temperature increase will affect density and also lower
viscosity, resulting in better separation.
(g) The particle cut size: This is the size of a particle that would have a 50% chance
of exiting at either the underflow or overflow. In a liquid-liquid separation, the
mean droplet size is very important since large droplets will move more rapidly to
the central flow or outflow, depending on their density [8].
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CHAPTER II: LITERATURE REVIEW
2.1 DOWN-HOLE OIL-WATER SEPARATION
The conventional production process involves producing both oil and gas to the surface
and separating them at the surface. This separation occurs through the use of gravity
settlers such as vessel, plate coalescence and hydro-cyclone.
However, as a field matures and oil and gas production peaks, there is often an associated
increase of produced water and a corresponding increase in both lifting and water
disposal costs, that leads to an additional increase in maintenance of equipment and
down-hole treatment for corrosion, bacteria, scale and naturally occurring radioactive
material (NORM). Operators have different options in either disposing of water or
injecting it into the reservoir. There is also growing concern related to handling of
produced water and the environmental impact of water dumping. It became a major issue,
in industry especially, to relate surface damage to spillage, or subsurface contamination
of drinking water being due to poor injection activity. The Down-hole oil-water
separation (DOWS) technique separates oil and water down-hole, lifts oil to the surface,
and injects water back in the formation. DOWS can increase oil production and reduce
water handling cost by reducing the volume of water produced to the surface. [9]
2.2 DOWN-HOLE SEPARATION SYSTEM
Down-hole separation principles are similar to traditional surface separation governed by
Stoke’s Law of droplet settlement. The two primary components are an oil /water
separator and at least one pump to lift oil to the surface and to inject water into
underground formations. The system was designed to incorporate all components as one
unit with simple interface between them. There are two basic DOWS systems so far
developed; one type of separator is using hydro-cyclone to separate mechanically oil and
water. The other is gravity separation that takes place in the wellbore.
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In down-hole separation, it is possible to arrange the separators in different ways, among
which the two basic ones are the following:
•

Pull through: The separator is placed upstream of the pump.

•

Push-through: The separator is installed downstream of the pump.

If the separator is considered independently from the other equipment, it may be installed
at the same location as a set of static cyclones, either pull through or push through [10]
Hydro-cyclones based in DOWS have shown greater acceptance all over the world within
their limitations. The separation mechanism is the same as a cyclone separator but the
down-hole high pressure is the driving force for the separation, as cyclones do not have
moving parts. Failures commonly occur in a cyclone separator. They can be classified as,
mechanical failures and process failures.
Mechanical failure includes pump/motor failure, seal failure and solid production failure.
Process failure includes unexpected fluid shear, heavy crude, and solid presence in the
fluid. Experience of DOWS all over the world shows different failures in different
applications. A typical DOWS system is shown in Figure 2.1.
2.3 BACKGROUND OF DOWS TECHNOLOGY
Down-hole oil /water separation technology has been in the oil and gas industry since the
1990s. Despite offering an economic and environmental advantage, only a limited
number of this system has been installed in oil and gas wells. Most of DOWS technology
system installed in oil wells has been deployed with 7 inch or 5.5 inch or even smaller
casing size. This system was designed for wells producing less than 5000 BPD and has
electrical submersible pumps generating less than 300 HP.
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Figure 2.1: DOWS Scheme [3]
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However, more than 100 DOWS have been installed worldwide. Geology and
performance of 37 of these installations are summarized. Twenty of the DOWS
installations were in wells located in carbonate formations and 16 were in wells located in
sandstone formations. The DOWS appeared to work better in carbonate formations,
showing an average increase in oil production of 47% (compared to an average of 17%
for sandstone formations) and an average decrease in water brought to the surface of 88%
(compared to 78% for sandstone formations). Oil production increased in 19; decreased
in 12, remains the same in 2 installations and an unspecified 4 installations did not report
oil production increase. [11]
The top three performing wells with hydro-cyclone DOWS had oil production increases
of 457% to 1162%, while one well’s production decreased. In the top performing well,
oil production increased to 164 bbl /d from 13 bbl /d. On the other hand, in top three
gravity separator DOWS installations oil increases of 106-233% were observed while in
one well production decreased. In the top performing well, oil production increased to 10
bbl/d from 3 bbl/d.
In the 29 trials for which both pre-installation and post-installation water production data
were available, water volume brought to the surface decreased from 97% to 14% with 22
of 29 trials exceeding a 75% reduction. Despite with early success, numerous other
installations either did not work well from the beginning or declined in performance
within a few weeks or months. Some failure resulted from improper selection and design
of the installations because the operators were not willing to take a risk to damage good
performing wells with a new device, and therefore they selected less than optimal
candidate wells. Other failures resulted from insufficient distance between producing and
injection intervals, which allows injected fluid to migrate to producing zones. Two
installations suffered from low injectivity of the receiving zone; in both cases,
incompatibility fluids contacted sensitive reservoir sands, decreasing their permeability.
Other installations suffered corrosion or scaling because of incompatible chemistry
between produced and injected fluids. Several installations experienced problems with
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excessive sand production that either clogged the formation or eroded the DOWS
component [11].
Other factors that have limited the use of this technology include well completion cost,
candidate wells, equipment design and reservoir-related parameters such as
productivity, injectivity, solids, relative zone location and zone characteristics.
2.4 WELL CANDIDATE SELECTION
This technology cannot be applied in all wells because formations in some reservoirs are
not conducive to down-hole separation and injection. An accurate selection of the wells
has a direct effect on the success of the system. The following features are required for
the system to be used. [12]
1. Wells which have a depleted horizon, with low static pressure or most likely to
receive water injection, will turn into potential candidates for the DOWS
technology.
2. From production perspective, only wells which are having a water cut of 94% or
more will be considered for this technology.
3. The reservoir has to contain sufficient incremental reserves and provide a suitable
disposal zone.
4. Injection zone must have sufficient permeability and porosity to accept segregated
produced water.
5. The casing has to be at least 5.5 inches in diameter.
6.

Well bore has to have a good mechanical integrity.

7. Minimum distance of about 80 feet must exist between the production zone and
disposal zone.
8. The well bore had to be already open below the production zone so that additional
drilling would not be needed.
9. Characteristics of produced water must be compatible with the injection zone. It is
usually inadvisable to mix water from carbonate and sandstone formations.
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10. Wells producing cold, heavy crude oil with API gravity of 10° or less may not be
good candidates for this technology due to poor separation.
11. Deviated wells will be difficult for applying this technology.
2.5 LIMITATION OF DOWS
DOWS technology is very complex and premature. All field tests show that few existing
installations are successful. The technology cannot be used in just any field as there are
some restrictions for its use. Down-hole hydro-cyclone separators cannot produce both
clean water and dehydrated oil streams at the same time. Hydro-cyclones require some
fluid properties for an effective separation and not all oil fields meet the requirements.
Some of the limitations are related to the system itself while others are inherent to the
usage of the system. Technological progress may reduce limitations. The following are
some of the limitations of the system. [12]
1. Well-bore space is very limited; Hydro-cyclone designed in this particular
operation or in down-hole must be narrow and tall; therefore, minimum casing
size requirement must be 5-1/2 inch.
2. ESP-DOWS-the engine must be installed below the productive area to allow its
refrigeration; otherwise, an engine sleeve must be used when the casing size
allows it.
3. Based on previous experience, the system worked better in carbonates compared
to sandstone formations so it is advisable to avoid sandstone formations.
4. Reservoirs that have a history of sand producing may not be suitable for this
system due to plugging within the system.
5. This system can be applied to wells producing high volume of water-oil ratio
(WOR).
6. Oil density must be higher than 985.052 kg/m3 (12º API).
7. Minimum difference of specific gravity between oil and water should be 0. 05.
8. Oil content (typically between 10 and 200 ppm of oil) in the injecting water can
damage the formation, especially those that do not have oil residual saturation.
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9. Impossible to effectively stimulate the areas below the pump without of pulling.
10. It is preferable not to apply this technology to deviated wells.
2.6 FIELD TESTING
An early application of DOWS was in the LaVentana fields in the Cuyo basin, Mendoza
province, Argentina, discovered in 1957. LaVentana produces from the Barrancas
formation, TRC (Top Red Conglomerate) and BRC (Base Red Conglomerate) reservoirs
with 30 °API oil gravity coupled with a high percentage of water. A pilot field trial was
carried out in well VM-097 using DOWS technology. The well was worked over and
DOWS equipment was installed prior to the settlement of a ‘D’ packer to separate the
injection sands from the productive TRC and BRC reservoirs. As shown in Figure 2.2,
the equipment had submersible pumps and two parallel hydro-cyclone tubes with a
calibrated choke for the superior flow of 9.95 mm with an injection pump. This well was
producing a total fluid of 385 m3/ day with 97.7% of water cut through an electricalsubmersible pump that allows the high-pressure fluid discarded by the pump to enter
tangentially to the hydro-cyclone tube, generating centrifugal forces which divide the
flow into two different streams. The result was significant reduction of water to the
surface and increased oil rate. Table No 1 is a summarized production history of well
VM-097 before and after DOWS installation.
Table 1: Well VM-097 production history before and after DOWS installation.

3

Gross rate, m / day (STB/D)

Before DOWS

After DOWS

installation

installation

385 (2420)

385 (2420)

8.855 (55.7)

8.1 (50.9)

376.145 (2370)

72.9 (459)

Water injected, m / day (STB/D)

0 (0)

304 (1910)

Surface water cut,%

97.7

90

3

Oil to surface, m / day (STB/D)
3

Water to surface m / day (STB/D)
3
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Figure 2.2: Well VM-097 DOWS Equipment [3]
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2.7 OBJECTIVE OF THE STUDY
The objective of this study is to investigate the performance and efficiency of a liquidliquid hydro-cyclone in down-hole conditions. The specific aim of this study is as
follows:
•

To develop a Hydro-cyclone performance model using CFD.

•

To integrate the model into reservoir conditions.

•

To test and verify this model against published field case.

•

To develop relationship between reservoir, fluid properties and hydro-cyclone
separation efficiency by applying computational fluid dynamics.
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CHAPTER III: LIQUID- LIQUID SEPARATION
3.1 GRAVITY SEPARATION
Gravity separation can happen when two immiscible liquid phases or liquid and gas
phases are separated by the differences of their densities. Sufficient retention time must
be provided in the gravity settler to allow the gravity separation to take place. In twophase liquid separation, heavy liquid droplets will settle out of the light liquid phase if the
gravitational force acting on the heavy liquid droplets is greater than the drag force of the
light phase flowing around the droplet.

The oil-water separation process is generally explained by particle dynamics. It is thought
to be governed by Stokes Law for terminal velocity of spheres in a liquid medium using
Newton’s basic drag Equation [4].
Liquid droplets will either rise or settle in a separate immiscible liquid medium
depending on the droplet density, droplet diameter, and drag coefficient. Reynolds
number will determine the selection of appropriate gravity separation law.
3.1.1 Newton’s Law
If a particle moves relative to the fluid in which it is suspended, the force opposing the
motion is known as a drag force. Knowledge of the magnitude of this force is essential
for the study of particle motion. Conventionally the drag force is expressed according to
Newton´s law:

FD = CD * A *
Where:

ρv2

(4)

2

FD = Drag force, kgm/s2
v = Particle fluid relative velocity, m/s
ρ = Fluid density, kg/m3
A = Area of particle projected in direction of motion, m2
CD = Drag coefficient, dimensionless.
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Newton’s law is used for relatively large particles (approximately 1000 microns and
larger) as seen in Figure 3.1 Newton’s law for constant drag coefficient (CD = 0.44)
describes the gravity settling. The flow is fully turbulent when the Reynolds number is
about 1000 to 200,000. On the other hand, Newton’s principle indicates that settling
velocity is strictly applicable only in the case of Newtonian fluids when the viscosity is
independent of the shear rate and duration of shear.
The constant critical particle diameter (KCR) above which Newton’s law will not apply is
18, [13]. Newton’s law is applicable when the droplet size is very large, and the required
terminal velocity of such magnitude, that excessive turbulence is created. The upper limit
of the Reynolds number is 200,000. [14]

Figure 3.1: Drag Coefficient of Rigid Spheres [13]

3.1.2 Stoke´s Law
Contrary to Newton’s law, Stoke´s law is used for smaller particles. Stoke’s law is valid
for the separation of liquids by utilizing the density differences between the liquids.
Equation 5 shows that the factors that determine the settling velocity are the size of a
droplet, the density difference between the separated liquids, viscosity of heavy phase
and the gravitational force. Larger droplets, lower viscosity, and bigger density
differences between the two liquids improve settling velocity. [13, 16]
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2

vg =

dp (ρw - ρo)
18 µ c

g

(5)

Where:
νg = Gravitational settling velocity, m/s
dp = Droplet diameter, m
ρw = Heavy phase- phase density, kg/m3
ρo = Light-phase density, kg/m3
µc = Viscosity of continuous phase kg/ms
g = Gravitational acceleration, 9.81 m/s2
According to Figure 3.1 a linear relationship exists between drag coefficient and the
Reynolds number at Reynolds numbers (less than two). The droplet diameter
corresponding to a Reynolds number 2 can be found using a value of 0.080 for KCR. This
is the lower limit of Stokes Law applicability having a droplet diameter of approximately
three microns. The upper limit is about 100-150 microns. Therefore Stokes Law is
applied as a basis for separation of liquids. Small droplets such as fog or mist cannot be
separated practically by gravity. These droplets can be coalesced to form larger droplets
that will settle by gravity.
Parameters in Equation 5 influence the separation process; efficiency of the system can
be improved by modifying the parameters in the Stokes Law for the following
characteristics:
To increase in droplet diameter:
• Add coalescing media
•

Increase proportion of dispersed phase

•

Add chemicals to promote coalescence

To increase gravitational force:
• Add cyclone inlet device
•

Use centrifuges
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To increase in density gradient:
• Increase temperature
•

Minor effect of heat, salinity, etc.

To decrease in viscosity of continuous phase:
• Add heat (increase temperature)
•

Change oil phase to continuous phase

•

Add chemicals. [17]

3.2 FACTORS INFLUENCING THE SEPARATION OF LIQUIDS
In theory, there are many factors that can enhance the quality of separation processes. It
is desirable to consider those factors in order to understand cyclones or gravity settlers
and other separation equipment. The different factors that need to be considered are:
•

Density.

•

Viscosity.

•

Temperature.

•

Flow rate.

•

Settling velocity.

•

Turbulence level.

•

Coalescence.

•

Dispersed phase and continuous phase.

Figure 3.2 shows the influence of density, viscosity, and water droplet size on separation
efficiency. There are process constraints that cannot be controlled in separation process
or can be controlled to a limited extent. These are:
•

Process liquid and solute.

•

Phase relationship of the dispersion.

•

Flow rate, flow ratio and retention time of the dispersed phase and dispersion
entering the separator.

•

Temperature of operation dictates density, equivalent viscosity and interfacial
tension. [13,16]
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Figure 3.2: The influence of density, viscosity, and water droplets in separation efficiency [6]

3.2.1 Density
The nature and behavior of high-density crude oils include a number of undesirable
characteristics such as their tendency to form emulsions due to the presence of waxes,
asphaltenes and scale. This phenomenon of emulsion formation together with other
properties such as high viscosity, typically low temperature, pressures and gas/oil ratio
render these types of fluids extremely difficult to treat. The traditional way to approach
these problems is to use a large amount of heat and chemicals in combination with very
long retention times [13].
Density difference between the liquids is the basis of gravity settling. Density of water is
usually greater than the density of oil. The water settles at the bottom of the cyclone and
the oil floats on the water and will float over the top of the cyclone. Thus the water can be
drained from the bottom of the separator and led to inject to the formation.
3.2.2 Viscosity
The higher the viscosities of the crude oil the lower the separation efficiency. High
viscosity can be both natural and created in the process where emulsions can increase the
viscosity up to several hundred centipoises. The water cut always has an influence on the
viscosity. Being exposed to shear in valves or other restrictions the volume of water
phase in the emulsion increases, which leads to increase in the viscosity. The smaller the
droplets, the more stable is the emulsion and therefore the higher the viscosity. Droplet
size distribution is influenced by the effectiveness of the chemical demulsifier. When the
flow system is in turbulent state, the only practical means to estimate for droplet size is to
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assume it remains constant for a given demulsifier treatment program. That leaves
viscosity as a sole variable controlling the separation rate. The viscosity of an oil-water
emulsion is a function of temperature and pressure. Using heat to reduce the viscosity and
adding chemicals to de-stabilize the particles is not sufficient when settling force is very
low [13,16].
3.2.3 Demulsifiers
Demulsifiers have a significant influence on the performance of separators since the
emulsion must be broken before gravity separation can take place. In an oil-water
emulsion, there is a stable film at the oil-water interface, which keeps the tiny water
droplets in the emulsified state.
Injected chemical is mixed and dissolved in the oil phase and then migrates to the
interface to form a stable film. When the film is sufficiently weakened the water droplet
can coalesce through random movement, the tiny droplets can collide with each other and
coalesce to a form sufficiently large droplets for gravity settling. Efficient separation can
take place when the droplet diameter is around 150µ. Without effective demulsification
water droplets may not coalesce rapidly enough to be separated in a reasonable sized
vessel [16].
3.2.4 Enforced Separation of Water from Oil
Emulsions and high viscosity and/or small density difference between oil and water can
cause the settling velocity to be so slow that efficient separation cannot take place in
reasonable-sized gravity-based equipment. According to Stokes Law, the gravitational
force is another factor that influences settling velocity. By replacing nature’s gravity with
centrifugal force this factor can be increased by several thousand-fold. The equation for
the settling velocity is given as: [13]

d p (ρw - ρo )
2

vc =

18µ

rϖ 2

(6)

Where:
vc = Centrifugal settling velocity (m/s),
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r = Radius of separation equipment (m),
ω = Angular velocity (1/s)

dp = Droplet diameter, m
µc = Viscosity of continuous phase, kg / ms
ρo = Density of oil phase, kg / m3
ρw= Density of water phase, kg / m3

Centrifugal force is utilized in equipment, such as decanters, centrifuges, or separators.
3.2.5 Settling Velocity

Separation velocity of a droplet from a continuous phase depends on the difference in
gravity of the two phases, viscosity of continuous phase, and the droplet size and shape as
known in the Stokes law (Equation 5).
In a horizontal separator the main body of the fluid flows horizontally from the inlet of
the vessel to the outlet. Water droplets will have a projectile flow path down toward the
interface. In physical terms the oil is continuous phase flowing from the oil-water
interface at the inlet end of the vessel upward toward the overflow weir, while water
droplets move opposite to this velocity toward the interface. The water droplets’ vertical
rate of descent is called terminal velocity and is defined by Stoke’s Law. Water removal
becomes possible when the upward velocity of the oil is less than the downward velocity
of the water droplets [18].
3.2.6 Droplet Diameter

The recommended design droplet diameter to use in Equation 4 is 150 µm. This is well
below the sizes encountered in gravity settler feeds. For instance, the droplet diameter in
the settler is normally in 500 to 5000 µm range. And the droplet size in turbulent flow is
in the range of 200 to 10,000 µm. The mean droplet size is normally over 1000 µm, and
very few fluids have droplet sizes under 500 µm in diameter.
One would expect to use a design droplet diameter above 300 µm. However, due to
inadequacies of the design equation, the gravity settlers sized for droplets over 300 µm
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are usually too small to work well. Successful settlers have been designed using droplet
diameters ranging from 50 µm (0.00017 ft) to 300 µm (0.001 ft). The most popular
choice is 150 µm (0.0005 ft). This is the size used in the API Design Method for
designing gravity settlers [18].
3.2.7 Over flow Rate

Mathematically the overflow velocity is equal to the volumetric flow rate divided by the
average horizontal area of the settler. The gravity settler is sized on the basis that velocity
of the continuous phase must be less than the settling velocity of the droplets of dispersed
phase. Plug flow is assumed. The velocity of continuous phase is calculated using the
area of the interface as:
vc =

Qc
< vd
AI

(7)

vc = Velocity of continuous phase, m/s
vd = Settling velocity of the dispersed phase, m/s
Qc = Continuous phase volumetric flow rate, m3/s
AI = Area of interface, m2
It is required to identify which phase is continuous and which phase is dispersed.
A correlation is presented for predicting dispersed phase. The correlation can be
approximated using Equation 8 and the criteria given in Table 2:
Ql
θ =
Qh

 ρl µh 


 ρH µl 

0 .3

(8)

θ = Factor for estimation of continuous phase

Ql = Light liquid volumetric flow, m3/s
Qh = Heavy liquid volumetric flow, m3/s
ρl = Density of light liquid, kg / m3
ρh= Density of heavy liquid, kg / m3.
µh = Viscosity of heavy phase, cp
µl = Viscosity of light phase, cp
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Table 2: Dispersion discriminant [10]

θ, factor

Result

< 0.3

Light phase always dispersed

0.3 – 0.5

Light phase probably dispersed

0.5 -2.0

Phase inversion probable, design for worst case

2.0 -3.3

Heavy phase probably dispersed

> 3.3

Heavy phase always dispersed

3.2.8 Dispersion Disengagement in a Gravity Settler

The gravity settlers are designed to accept an inlet stream containing a volumetric
fraction of (hold-up) contained in droplets and to produce fully separated outlet streams.
If the gravity settler horizontal area is large and the dispersed phase travel rate is
comparatively slow there exists two clear layers, at the interface incoming feed droplets
coalesce immediately. If the dispersed phase feed is increased, a dispersion band will
build up as indicated in Figure 3.3 If the feed rate is sufficiently high, two distinct layers
can be separated within the dispersion band. [19, 20]
The upper and lower borders of the dispersion band are not equivalent, since at one
border (the lower one in the Figure 3.3, where the heavy phase is assumed to be
dispersed) coalescence of droplets with their separated homogeneous phase is occurring;
while at the other border there is no coalescence. Near the coalescing interface the
droplets are large and form a close-packed zone where the hold-up of droplets is high and
may approach unity. While in the adjacent sedimenting zone [19, 20] the droplets are less
closely packed (the hold-up of the droplets is similar to the feed stream) and are more
free to move relative to each other. The sedimenting interface differs from disengagement
interface since there is no change in bulk phase. This sedimenting interface can be
thought of as the upper surface of a liquid-fluidized bed, in which each droplet is
sufficiently small to be supported by the up-flow of continuous phase but is too large to
be carried upwards into the back, continuous phase. In the sedimenting zone the droplets
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grow in size by inter-droplet coalescence until they are large enough to fall to the closebacked zone.

Figure 3.3: Disengagement of continuous settler [3]

In gravity settlers, horizontal movement is superimposed on vertical velocities.
Horizontal movement is more random in the sedimenting zone, when movement of
droplets in the close-packed zone is mostly restricted to a plug-flow progression
downwards towards the coalescence interface and horizontally towards the outlet. If the
dispersion is fed into a sedimenting zone of smaller dispersed phase hold-up it will
initially tend to gravitate towards the boundary of the sedimenting and close-packed
zone, forming a chimney.
Sedimenting zone ensures that the superficial velocity of the continuous phase does not
exceed the terminal velocity of the feed droplets. The dispersion band height will always
stabilize at the steady value. If the feed point( Figure 3.4) were raised further there would
be a tendency for the top of the sedimenting zone to rise to the same level. In any case it
is recommended for practice to design for a feed inlet at the zone boundary or near the
coalescence interface if the zones are not well defined.
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Figure 3.4: Chimneying of feed dispersion in a deep settler

3.2.9 Coalescence

The process of coalescence is when two droplets or a droplet and its homogeneous phase
approach each other more and more closely until the film of continuous phase between
them ruptures and coalescence occurs. The speed of approach and coalescence time is
determined by the rate at which the fluid in the intervening film can escape after film
rupture when the new droplet forms instantaneously. If the approach velocity of two
droplets is high they may rebound without coalescing due to a high level of turbulence in
dispersion. Time required for those collected droplets to cross the interface is often the
limiting factor of the size of the gravity settler. If the phases are not pure components, the
droplets do not readily combine in the continuous phase and most of them remain discrete
until they reach the interface. When a droplet reaches the interface, it settles on the
interface under the influence of gravity.
There is no simple equation to predict the time required for a droplet to cross the
interface. Typical values range from a fraction of a second up to 2 or 3 minutes.
The net effect of various parameters on coalescence time (τ) is summarized in Table 3
[16, 18].
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Table 3: Factors affecting coalescence time

Parameters

Effect on τ

Droplet size increase

Decrease

Velocity of impact increase ( turbulence)

Increase

Force (gravitational force) increase

Decrease

Electrostatic field increase

Decrease

Viscosity of droplet increase

Increase

Viscosity of continuous phase increase

Increase

3.2.10 Turbulence

In a horizontal gravity settler, the continuous phase is flowing perpendicular to the
settling of droplets. This movement creates turbulence that interferes with the settling
process. If the cross flow is fully laminar, there would be no problem, but this is usually
impractical. The Reynolds number expresses the degree of turbulence. The following
guidelines in Table 4 are recommended for gravity settlers. [18].

Table 4: Guide lines for successful separators

NRe

Results

< 5000

Little problem

5000 – 20,000

Some hindrance

20,000 –50,000

Major problem may exist

Above 50,000

Expect poor separation
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CHAPTER IV: HYDRO-CYCLONE PROCESS MODELING
The preprocessing software or Gambit is used to build geometry and generate an
unstructured mesh around the body of the hydro-cyclone, which could then be analyzed
using CFD. Figure 4.1 shows the CFD modeling structure. The modeling structure is used
to define modeling goals and identify its modeling domain, then create grid cells and
ensure the quality of the grid.
Numerical model is set up, the solution is monitored and finally the results are examined
to consider revision of the model if needed. The creation of liquid-liquid hydro-cyclone
model consists of set of integrated cylindrical and conical sections for Fluent analysis.
Before meshing could be applied the geometry should be checked and cleaned if needed
[14].

Preprocessing (Gambit/Tgrid)

\

Geometry
Creation

Mesh
Generation

Boundary
Assignment

Fluent/
Solver

Post-processing

Figure 4.1: CFD Modeling Structure

The steps of preprocessing procedure used for modeling hydro-cyclone behavior with
CFD are:
1. Create Hydro-cyclone geometry (integrate cylindrical and cone sections).
2. Generate mesh (faces, edges and cells) using TGrid.
3. Examine mesh quality.
4. Assign boundary zones (inlet, outlet and walls).
5. Set up numerical solution.
6. Analyze and modify solution if needed (post-processing).
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4.1 HYDRO-CYCLONE GEOMETRY

The Colman and Thaw [3] design for a cyclone has four sections: inlet chamber, reducing
section, tapered section and tail pipe. Inlet chamber and reducing section are designed to
achieve higher tangential acceleration of fluid while reducing pressure drop and shear
stress to an acceptable level. The reducing section has to minimize droplet breakup, the
leading reduction of separation efficiency. Tapered section is where most of separation is
achieved. The low angle of this part keeps swirl intensity high.
The last part (tailpipe) is where the smallest oil droplets immigrate to reverse flow core at
the exit. Another important parameter in hydro-cyclone geometry is the inlet
configuration. Most often rectangular and circular, single and twin inlets have been used
The main idea is to inject the fluid with higher tangential velocity, avoiding the rupture of
the droplet.
The overflow outlet section of the hydro-cyclone has a very small diameter and it plays a
major role in the split ratio-defined relationship between the overflow and inlet flow rate
equation. [2,6]. The cyclone geometry used in the first part of the study is given in Figure
4.2.
4.2 MESH GENERATION

For a given boundary mesh with some two dimensional (2D) quadrilateral or three
dimensional (3D) hexahedral cells, TGrid (preprocessor) generates an unstructured
triangular or tetrahedral (hybrid) grid.
In 2D, boundary mesh consists of nodes and straight edges, whereas in 3D mesh consists
of nodes and triangular and or quadrilateral faces. Boundary mesh file can be obtained
from Gambit. This file can be read into the solver where solution process and postprocessing can occur. The basic steps of grid generation are:
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Figure 4.2: Hydro-cyclone Dimensions [3]
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1. Read a boundary mesh file containing some 2D quadrilateral or 3D hexahedral
cells.
2. Examine boundary mesh for topological problems such as free edges and
duplicate nodes. Once the boundary mesh is topologically correct, a 3D surface
mesh can be checked for poor face quality. Many quality-related problems can be
solved easily with edge swapping but more difficult problems may require direct
manipulation of the faces and node.
3. Generate the volume mesh. We can perform this automatically or by proceeding
through a series of steps. For hybrid grids we first generate any prism or pyramid
and then generate triangular or tetrahedral volume cells. We can then extend the
computational domain by generating more prisms, if desired. For grids
containing only triangles and tetrahedrals, we can perform automatic mesh
generation procedure or perform each step at a time.
4. Check the mesh problems or quality of mesh. We have to look carefully at the
worst cells both for their quality and their location. The presence of degenerated
cells will prevent us from obtaining solution and very poor cells in critical areas
will cause serious accuracy and convergence problems. If bad cells cannot be
removed or improved we need to generate a new mesh by modifying boundary
mesh or using different mesh parameters.
5. Finally, we need to write the mesh to a new file for input to the solver.
Generating different grid systems depends on complexities of geometry and flow.
Also, we need to know if we have enough computer memory, how many cells are
required and how many models will be used (one-stage separation model or two-stage
separation model).
For simple geometries, quad/hex mesh can provide higher quality solutions with fewer
cells than compared to tre/tet mesh. For complex geometries, quad/hex shows no
numerical advantage and one can save meshing effort by using a tri/tet mesh.
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Finally we need to choose solver and specify boundary types for inflow and outflow
boundary [14]
4.3 FLUENT MODELING OVERVIEW

For given problems, it is desirable to select appropriate physical models such as
turbulence and multiphase models. The solver allows the user to specify various
parameters associated with the solution method to be used in calculations like space (2D
or 3D) dimensionality of domain, time (steady or unsteady), porous formulation and the
velocity formulation. Figure 4.3 presents Fluent modeling overview. The solver uses two
numerical methods:


Segregated solver



Coupled solver

Using either method, Fluent will solve the governing integral equation for conversion of
mass, momentum and energy (if needed) and other parameters such as turbulence and
chemical species [14].

MODEL

Fluent / Solver
• Segregat
ed

•
•
•
•
•

Governing Equations
Transport Equations (Mass, Momentum &
Energy)
EOS

Material Properties
Boundary Condition
Initial Condition (operating
condition)

Figure 4.3: CFD Modeling Overview
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Physical
Models
• Turbulence
• Multiphase
• Phase
change

In both methods control-volume-based technique is used, which consists of:


Division of the domain into cells using computational grid



Integration of the governing equation of the individual control volumes to
construct algebraic equations for unknowns such as velocity, pressure and other
parameters.

The two numerical methods employ the similar finite volume process, but the approach
used to solve discretized equations is different.
4.4 SOLVER SELECTION

Coupled solver (implicit) is recommended if strong interdependency exists between
density, energy, momentum and species; for example, high-speed reaction compressible
flow and finite rate reaction flows. In general segregated solver (explicit) is
recommended over the coupled (implicit) solver for the following reasons:


Time required for coupled solver runs roughly twice the time required for
segregated solver.



Coupled solver requires large memory compared to segregated solver



Segregated solver is preferred because it provides flexibility in solution
procedure.

4.4.1 Segregated Solution Method

The segregated solution method is the solution algorithm used in this study. In this
approach the governing equations are solved sequentially because equations are nonlinear and several iterations of the solution loop must be performed before the converged
solution is obtained [14].
Each-iteration consists of procedures presented in Figure 4.4 as outlined below.
1. Fluid properties are updated, based on the current solution. If the calculation has
just begun, the fluid properties will be updated based on operating condition or
initialized solution.
2. The momentum equations are each solved in turn using current values for
pressure and face mass flow rate, in order to update the velocity field.
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3. Since the velocities obtained in Step 2 may not satisfy the continuity equation the
pressure correction is derived from the continuity equation and the linearized
momentum equations. This pressure correction equation is then solved to obtain
the necessary corrections to the pressure and velocity fields and the face mass
flow rate such that continuity is satisfied.
4. Appropriate equations for scalars such as turbulence and energy are solved using
the previously updated values of the other variables
5. When inter phase coupling is to be included, the source terms in the appropriate
continuous phase equations may be updated with a discrete phase trajectory
calculation.
6. A check for convergence of the equation set is made.
These steps are continued until the convergence criteria are met [14].

Update Properties

Solve momentum equation

Solve continuity equation. Update
pressure face mass flow rate

Solve multiphase, turbulence, energy and
other scalar equations

Converged

Stop

Figure 4.4: Procedure for Segregated Solution Method
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4.4.2 Modeling multiphase flow

Multiphase is a simultaneous flow of more than one flow phase. It is generally liquid.
It has materials with different chemical properties but the same phase, such as water or
oil, and the fluids are defined as primary phase or continuous phase (dominant phase) and
secondary phase (dispersed within continuous phase). In order to choose a multiphase
model for the hydro-cyclone we need to understand the following conditions:
1. Multiphase flow regime: Many regimes are possible, such as slug flow (large
bubble in continuous liquid), droplet flow and free surface flow ( immiscible
fluids separated by a clearly defined interface)
2. Volume loading: This property can be dilute or dense (volume fraction of
dispersed phase). It is defined as:

Volume Fraction =

Volume of the phase in a cell (domain)
Volume of the cell (domain)

(9)

3. Stokes Number (St): It is the ratio of particle relaxation time ( τ d ) to problem
characteristic time (tc). Stokes number provides selecting the most appropriate
model. It is given as:

St = τ d / t c

(10)

4. Turbulence or Laminar flow: Reynolds Number determines the flow regime.

After determination of characteristics of the fluids we can choose an appropriate model
based on the above-mentioned conditions. The following multiphase modules are
available in Fluent. [14]:
1. Discrete Phase Module (DPM)
2. Mixture Model
3. Eulerian Multiphase Flow Model
4. Volume of Fluid Model (VOF)
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4.4.2.1 Discrete Phase Model (DPM)

Each trajectory represents a group of particles of the same initial properties or singlephase with multi species. Table 5 shows the conditions to exist in order to apply this
model. Particle-particle interactions are neglected in the DPM model. This model can be
applied to cyclones and spray dryers.
Table 5: Applicability of DSP Model

Flow regime

Bubbly flow, droplet flow and particle-laden
flow

Volume loading

Must be dilute (volume fraction<12%)

Particular loading

Low to moderate

Stokes Number

All range of Stokes number

Turbulence modeling

Weak to strong coupling between phases

4.4.2.2 The Mixture Module

The mixture model is a simplified Eulerian model based on the small Stokes number.
This model solves the mixture momentum equation and creates the relative velocity of
lighter phase (dispersed phase). Turbulence, flow, slip velocity, volume of each phase
and energy equations are solved if needed. When the conditions presented in Table 6
exist, then it is desirable to apply the mixture module. This model can be applied to
bubble column reactors, hydro-cyclones and gas sparging.
Table 6: Applicability of Mixture Model

Flow regime

Slurry, Bubbly and droplet flow

Volume loading

Dilute to moderately dense

Particular loading

Low to moderate

Stokes Number

Stokes Number <<1

Turbulence modeling

Weak coupling between phases
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4.4.2.3 The Volume of Fluid Model (VOF)

This model can track the position of interface between two immiscible liquids and can be
applied to the single momentum equation to solve velocity field shared by different
phases. Turbulence and energy equations are also shared by all phases. When conditions
listed in Table 7 are present, the VOF model can be applied. This model can be applied to
large slug flows, offshore oil-tank sloshing, boiling and coating. [14]
Table 7: Applicability of VOF Model

Flow regime

Slug flow

Volume loading

Dilute to dense

Particular loading

Low to high

Stokes Number

All ranges of Stokes Number

Turbulence modeling

Weak to modern coupling between phases

4.4.3 Material Types and Properties

Physical model may require inclusion of additional material and dictate which properties
need to be defined. Material properties are defined in Fluent material panel.
Fluid properties of water and oil (immiscible liquid) are defined and model is setup with
physical properties in trials relevant to the scope of the problem. These properties may
include the following: [14]
•

Density and/or molecular weights

•

Viscosity

•

Heat capacity

•

Thermal conductivity

•

Mass diffusion coefficients

•

Standard state enthalpies

•

Kinetic theory parameters

The assumed reservoir properties may not be temperature-dependent (isothermal) but can
be composition-dependent. The Fluent will guide the user for properties that need to be
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defined for the active physical models. If any property defined requires the energy
equation to be solved, Fluent will automatically activate the energy equation. Then the
thermal boundary conditions and other parameters are to be defined.
4.4.4 Operating Pressure

To avoid runoff error Fluent will subtract atmospheric pressure from the absolute
pressure and use resulting gauge pressure. All pressures computed or reported by Fluent
are gauge pressures [14]. Equation 11 gives the relationship between gauge and absolute
pressure.

Pabs = Pgauge + Patm

(11)

4.4.4.1 Setting Operating Pressure

The procedure for selecting appropriate operating pressure is based on the Mach-number
regime of the flow and density relationship. For example, if a constant density is selected
for an incompressible flow calculation, operating pressure is not needed; or if Mach
number is less than 0.1, the mean flow pressure is selected as the operating pressure. The
criteria for selecting operating pressure are given in Table 8.
Table 8: Recommended procedure for selecting operating pressure

Density Relationship
Ideal Gas Law

Mach Number Regime

Operating Pressure
0 or Mean Flow Pressure

Mean Flow Pressure
Profile Function of Temperature Incompressible
Constant
Incompressible
Incompressible Ideal Gas Law
Incompressible
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not used
not used
Mean Flow Pressure

4.4.5 Boundary Condition

The information regarding the boundaries is defined in terms of mass flow rate,
momentum and volume fraction. Also, the location of the boundaries (inlet, outlet and
wall) is determined and information is provided for each boundary. The input (data)
required at the boundary depends upon the type of boundary condition and selected
physical model. Poorly defined boundary conditions can have a significant impact on
solution. The boundaries available in Fluent are classified as follow:
•

Flow inlet boundaries: pressure, velocity or mass flow.

•

Flow outlet boundaries: pressure or mass flow.

•

Wall boundary: wall, symmetry, periodic, axis.

•

Internal cell zones (interior): fluid.

•

Internal face boundaries: wall and interior.

4.4.5.1 Inlet velocity

Inlet velocity depends on mass flow rate and inlet geometry. In order to specify inlet
velocity for the mixture the followings are used:
1. Turbulence specification methods. This method has the following options:
•

Intensity and hydraulic diameter.

•

Intensity and viscosity ratio.

•

Intensity and length scale.

•

K-epsilon.

2. Assign inlet velocity for water phase as well oil phase by one of the following
criteria as:
•

Magnitude, normal to the boundary, is specified.

•

Components are specified.

•

Magnitude and direction are specified.

•

Volume fraction of dispersed phase (oil) is specified.
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The program needs to know the method used to input the turbulence parameters. In
case intensity and hydraulic diameter method is selected the following equations are
used to estimate turbulence parameters.
Turbulence Intensity (I) =

v,
v avrage

= 0.1.6(Re DH ) −1 / 8

Hydraulic Diameter (D H ) = pipe − diameter →

(12)

4πr 2
2πr

(13)

4.4.5.2 Outlet pressure

In the mixture model, outlet pressures are specified for the mixture and secondary phase
(oil). There are no conditions set for water phase (primary phase). The input value of the
turbulence conditions at the pressure outlets will be applied only if flow enters the
domain through this boundary. Often it is important to set reasonable values for this
downstream scalar value in case reverse flow occurs at some point during iterations.
The procedures to select boundary conditions for outlet pressure of mixture phase are:
1. Select pressure for outlets.
2. Select inlet velocity of oil and water (same value).
3. Select Backflow turbulence intensity.
4. Select Backflow turbulence length scale.
5. Select backflow volume fraction for the oil phase

4.4.5.3 Outflow

Pressure and velocity specifications are not required for outflow boundary. Mass balance
correction is applied at boundary. This specification is not used with a pressure inlet
boundary specification and it is used when velocity is specified at the inlet boundary
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condition. When backflow is expected for final solution the outflow specification is not
used.
4.5 SOLUTION ALGORITHM

The best technique for speeding convergence is to tackle the problem one step at a time.
CFD automatically solves each equation that applies to the selected problem. The
mixture and volume of fluid models solve the transport equation for volume fraction,
momentum equation, continuity equation, slip velocity and draft velocity.
4.5.1 Continuity Equation for Mixture Model

The equation for continuity in the mixture model is given for the following equation:
−
∂
( ρ m ) + ∇.( ρ m υ m ) = 0
∂t

(14)

n

ρ m = ∑α k ρ k

(15)

k =1

−

υm =

−

∑k =1α k ρ k υ k
n

(16)

ρm

where ρ m = Density of mixture

α k = Volume fraction of phase k.
−

υ m = The mass average velocity.

4.5.2 Momentum Equation

The momentum equation for the mixture model is developed by adding the individual
momentum equations for both oil and water. It can be expressed as:
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−
−
−
−
−T
∂


( ρ m υ m ) + ∇ * ( pmυ m υ m ) = −∇p + ∇. *  µ m (∇ υ m + ∇ υ m )  +
∂t



 n
−
− 

ρm g + F + ∇. ∑ α k ρ k υ dr ,k υ dr ,k 
 k =1



−

(17)

Where
n = Number of phases
-

F = A body force
−

υ dr ,k = The drift velocity of secondary phase given as :
−

−

−

υ dr ,k = υ k −υ m

(18)

and µ m is the viscosity of mixture represented by :
n

µ m = ∑α k µk

(19)

k =1

4.5.3 Volume Fraction of Secondary Phase

After solving continuity equation for secondary phase the volume fraction of secondary
phase can be obtained:
n
−
−
−
∂
(α p ρ p ) = ∇.(α p ρ p υ dr , p ) + ∑ (mqp − m pq )
∂t
q =1

(20)

4.5.4 Slip Velocity and Drift Velocity

Slip velocity is also referred to as the velocity of oil “p” (secondary phase) relative to
velocity of water “k” (primary phase). CFD mixture model uses a slip formulation or
interaction between the oil phase and water phase. Following Manninen et al the slip
velocity is given [14] as:

44

−

υ pq =

τp

(ρp − ρm )

f drag

ρp

−

(21)

a

where :τ p is particle relaxation time defined by :

ρ pd 2 p
τp =
18µ q

(22)

−

d is the diameter of the particle in oil phase (secondary phase) and a is oil phase particle accelaration and
f drag are given by Schiller and Naumann as :

f drag

1 + 0.15 Re 0.687

=
0.0183 Re


Re ≤ 1000
Re > 1000

−
−
∂υ
 − 
a = g − υ m .∇ υ m − m
∂t



(23)
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4.6 SOLUTION PROCEDURE OVERVIEW

Figure 4.5 summarizes the procedure used in model setup and parameters selection.

Set solution Parameters

Initialize Solution

Enable the solution monitors of interest

Calculate a solution

Modify solution parameters/ grids

Solution convergence

NO

Yes

Save and analyze the result
Figure 4.5: Solution Procedure
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CHAPTER V: MODEL SETUP
5.1 PHYSICAL MODEL

In this study, a 2.8 inch liquid-liquid hydro-cyclone model is used. The model consists of
a set of integrated cylindrical and conical sections created with preprocessing software
(Gambit). As shown on Table 9 the created dimensions of the mixture inlet section was 2
inches in diameter and 1.5 inch in length, oil outlet pipe was 1 inch in diameter and 1.5
inch in length. At the bottom of tapered section where most of separation is achieved a
cone is used and connected to a water outlet pipe with 1.6 inch diameter and 6 inch
length.
Table 9: Dimensions of Physical Model

Section

Radius (inch)

Length (inch) Shape

Inlet chamber

1.4

2.5

Cylinder

Mixture inlet

1

1.5

Cylinder

Oil outlet

0.5

1

Cylinder

Tapered section

1.4

6

Cone

Water outlet

0.8

2

Cylinder

Since a complex geometry was considered, hybrid mesh or tri/tet grid was generated in
volume meshing and thousands of tetrahedral cells were created. The boundary types
were specified as inlet velocity, outlet pressure and wall. Fluid was selected as a
continuum and the resulting mesh was exported to the solver. The mesh file created with
Fluent option 3ddp and case file was run and the grid was checked. Particular attention
was paid to the reported minimum volume to make sure it was a positive number.
Segregated solver was set up and the selection of mixture and volume of the fluid
multiphase model was made after studying the characteristics of different parameters
such as volume fraction, Stoke’s number and turbulence. Dispersed (oil) and continuous
phase (water) were also specified. Since incompressible flow (constant density) was used,
the recommended procedure in Table 8 was used for setting operating pressure. The
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gravitational acceleration values were 0, 0, and 9.81m/s2 for x, y and z directions,
respectively.
The boundary conditions for flow rates ranged from 135 m3/ d to 385 m3/d. Fluid velocity
specification method and turbulence specification method was used in the model.
Wall was assumed to be a stationary wall since hydro-cyclone doesn’t have a rotating
part. Back pressure was applied at hydro-cyclone underflow in order to force oil phase
into the overflow outlet, otherwise, all the flow exits the underflow and no separation will
occur. The discrete numerical solution algorithm was selected. Once iterations are
completed and convergence was achieved, velocity, pressure and volume fraction profile
were drawn and mass flow rate in both oil outlet and water outlet were studied and
analyzed.

Figure 5.1: Created Grid
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5.3 DEFINING MATERIALS

After selecting the physical model for the cyclone separation problem such as solver,
multiphase model and viscous model the material properties required for the active
physical models were selected. We selected materials and their physical properties that
are relevant to the scope of the problem. These properties include density or molecular
weights, viscosity and API oil gravity. Reservoir temperature was assumed to be constant
as 1130F throughout the study. Solubility of gas was neglected since two phases (oilwater) were considered. The viscosity values were calculated using the Beal equation.
Properties used as input to the Fluent are presented in Table 10.
The viscosity of oil phase ( µOD ) in cp is calculated with the following equation:



1.8e + 7  360 



a

µ OD = 0.32 +


( API ) 4.53 T − 260


(24)

where :
T = Reservoir Temperature ( 0 R)

a = 10

8.33 

 0.43+

API 


(25)

Table 10: Material Properties used for this study
0

Specific Gravity

Density, Kg/cm

50

0.7796

778.815

1.2

40

0.8251

824.227

1.3

30

0.8762

875.263

8.25

20

0.9340

933.036

62.24

15

0.9659

API

964.881

Viscosity,cp

328

49

CHAPTERVI: DISCUSSION OF RESULTS
6.1 MODEL VERIFICATION

To test and verify this model, published field data from well VM-097, La Ventana field,
was used prior to conducting runs. A 2.8 inch diameter liquid-liquid cyclone was used
(see Table 9) with 25,000 tetrahedral cells. Segregated solver is selected for the
multiphase mixture model and material properties selected are given in Table 10.
Boundary condition was set with inlet velocity of 2.2 m/s for both phases as an input, and
oil volume fraction of 2.3% was selected for input. Underflow backpressure was set to be
constant and static pressure of the oil outlet was adjusted gradually in order to force oil
phase into the overflow outlet. The results for this run are shown in Table 11. Pressure,
velocity, volume fraction and turbulence profiles obtained by the model for verification
run are presented in Figures 6.1 through 6.4.
Based on the results of static pressure (Figure 6.1), there was a small pressure difference
between water inlet and oil outlet. Water velocity profile for the outlet section yielded
lower values compared to water velocity profile in oil outlet, due to acceleration forces or
rotations acting on the inlet chamber.
Table 11: Well VM: production without and, with DOWS and CFD simulation result
Without DOWS
With DOWS
CFD Simulation
installation
3

Gross rate,m / day(STB/D)

installation

385 (2420)

385 (2420)

385 (2420)

8.855 (55.7)

8.1 (50.9)

8 (50.3)

376.145 (2370)

72.9 (459)

75.6 (476)

Water injected, m3/ day (STB/D)

0 (0)

304 (1910)

301.5 (1900)

Surface water cut, %

97.7

90

90.3

90

90

3

Oil to surface,m / day(STB/D)
Water to surface, m3/ day
(STB/D)

Efficiency, %
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Figure 6.1: Static Pressure Profile

On the other hand, results obtained for mixture velocity profile indicates that oil has a
velocity value of 4.7 m/s compared to mixture velocity (water-oil cells) of 2.6 m/s. As
shown for the profile of oil volume fraction in Figure 6.3, the fraction of oil in oil outlet
increased compare to water outlet. Since the inlet chamber and reducing section have
encountered more turbulence and higher tangential acceleration, oil was forced into the
overflow outlet.
There are no standard procedures or available equations to set the value of back-pressure
for the oil outlet. The balance between back pressure and static oil outlet pressure was
one of the important criteria for oil-water separation. The pressure difference that can
force oil into overflow will be an acceptable value.
As shown in Table 11, water cut was reduced from 97.7% to 90.3% in this run, compared
to 90% of field study data. Surface oil content was increased from 2.3% to 9.5% while
more than 78% of the total produced water was injected into the formation with the
hydro-cyclone efficiency calculated as 90% .
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Figure 6.2: Velocity profile in cyclone (iso-surface)

Figure 6.3: Profile of oil volume fraction
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Figure 6.4: Turbulence profile (Iso surface)

6.2 PARAMETRIC STUDY

The aim of these runs was to investigate the efficiency of liquid-liquid hydro-cyclones for
oil-water separation in down-hole conditions. In this regard, the effects of fluid
properties, flow rates, inlet configurations and operational parameters on the efficiency of
oil water separation processes are studied. Four different API oil gravity values of 15, 20,
30, and 40 were used at a constant temperature of 1130F. The well flow rates used for
this study ranged between 380 m3/ day and 135 m3/ day. Two different DOWS
configurations are used to determine the efficiency of the separation process. Plots are
prepared for comparing the results for different fluid properties and operating conditions.
6.3 EFFECT OF OIL PROPERTIES AND FLOW RATE

The fluid properties studied are viscosity and density of produced oil. The DOWS model
used in the verification runs was selected for the study of density and flow rate. The
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initial runs were conducted with 150 API and 300 API oil using 385 m3/ day (2420
STB/D) flow rate. The results are shown in Table 12.
As shown in Table 12, similar efficiency values were obtained for both oil samples. In
the case of 300 API oil, water produced to the surface was 75.6 m3/ day and injected
water to the formation was 301.5 m3/ day, representing about 80% of total water. In the
case of 150 API, the water produced to the surface was 87m3/ day, and 290 m3/ day of
water was injected to the formation comprising about 77% of total water. Produced oil
percentage at the surface dropped from 9.5% to 8.4% for 300 API oil when compared to
150 API oil. Pressures of oil and water outlets were major driving forces of the
separation. In both cases the same values were used for both outlets.
Table 12: Effect of oil density in oil-water separation with DOWS at WOR value of 97.7
0

API

Gross rate, m3/ day (STB/D)
3

Oil to surface, m / day (STB/D)

15

30

385 (2420)

385 (2420)

8

3

(50.3)

8 (50.3)

Water to surface,m / day (STB/D)

87 (547)

75.6 (476)

Water injected, m3/ day (STB/D)

290 (1820)

301.5(1900)

91.6

90.3

90

90

Surface water cut, %

Efficiency, %

Figures 6.5 to 6.9 present the effect of cyclone efficiency and its relationship to the flow
rate and API oil gravity. There is no significant pressure difference in cyclone inlet, oil
outlet and water outlet. Phases profile also indicates most of the oil fraction is at the top
of the cyclone and the bottom side is almost pure water. Major turbulence occurs in the
cone section as the fluid hit the wall opposite the inlet, where most of the separation takes
place. It is difficult to predict the turbulence level inside the cyclone.
The flow rate of 240 m3/ day was selected in order to compare to previous run and
cyclone efficiency. After several runs the difference between results for 40, 35 and 30
0

API was less significant and the same was observed for 150 and 200 API oils. Therefore,
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300 API was selected and compared to 150 API gravity oil with water-oil ratio of 98%. As
shown in Table 13, 300 API surface oil percentage was increased from 2% to 4% and total
water brought to the surface was reduced to 97.9 m3/ day; yielding about 41% of the total
produced water. Cyclone efficiency defined as is the ratio of total oil inlet and oil outlet,
was achieved at 81.2%.
For 150 API oil gravity, surface oil percentage was increased from 2% to 2.5% and total
water brought to the surface became 99.4 m3/ day, which is 42.2% of the total water and
the rest of the water was injected to formation. Cyclone efficiency was 54 %, very low
relative to results with 300 API oil gravity.

Figure 6.5: Profile of oil volume fraction (150 API)

The separation of oil from water in the swirl chamber of the cyclone is the result of forces
imposed on the amount of oil in the spinning fluid, and holding time in the chamber.
Lower flow rate means longer residence time and lower acceleration force.
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Table 13: Effect of oil density with DOWS at WOR of 98%
API
15
20

0

3

Gross rate, m / day(STB/D)
3

Oil to surface, m / day(STB/D
3

Water to surface, m / day(STB/D
3

Water injected, m / day(STB/D

30

40

240 (1510)

240 (1510)

240 (1510)

240 (1510)

2.6 (16.4)

2.7 (17)

3.9 (25.8)

3.42 (21.5 )

99.4 (625)

99.3 (625)

98.1 (616)

98.56 (620)

138 (868)

138 (868)

138 (868)

138 (868)

97.4

97.3

96

96.6

54

56

81.2

71

Surface water cut, (%

Efficiency, %

100
API15

API20

API30

API40

90
80

Efficiency(%)

70
60
50
40
30
20
10
0
0

50

100

150

200

250

300

350

400

450

Flow rate (m3/ day)

Figure6. 6: Variation of cyclone efficiency with well flow rate for four different oil densities

As presented in Tables 14 and 15 inlet flow rate of the cyclone was reduced to 160 m3/
day and 135 m3/ day with different API oil gravities and different water-oil ratios of 97%
and 98%. The results for flow rate of 160 m3/ day are shown in Table 14. Surface oil
percent was improved slightly, from 3% to 3.1% for 40o API oil; water brought to the
surface was reduced to 96.9 m3/ day and 58.3 m3/ day (37.5%) of total water was injected
to the formation, and cyclone efficiency was calculated by 64.5 %. On the other hand, 30o
API surface oil percent was improved from 3% to 3.2%, water brought to the surface was
reduced by 40%, and the cyclone efficiency was calculated as 66.6%.
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Figure 6. 7: Velocity profile

Figure 6.8: Profile of oil volume fraction (350 API)
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For 20o API oil, surface oil percent was slightly reduced from 3% to 2.8% and surface
water cut remained the same, but water brought to the surface was reduced by 36.8% and
the efficiency of the cyclone was lower relative to 40o and 30o API oil densities.
Table 14: Effect of oil density in oil-water separation with DOWS in WOR of 97%
0

API

15

20

30

40

Gross rate, m / day(STB/D)

160 (1010)

160 (1010)

160 (1010)

160 (1010)

Oil to surface, m3/ day(STB/D)

2.8 (17.6)

2.9 (18.2)

3.2 (20.1)

3.1 (19.5)

98.1(617)

98 (616)

94.8 (596)

96.9 (609)

59.1 (372)

59.1 (372)

62 (390)

60 (377)

Surface water cut, %

97.2

97

96

97

Efficiency, %

58.8

60

66.6

64.5

3

3

Water to surface m / day(STB/D)
3

Water injected, m / day(STB/D)

Similarly, 135m3/d flow rate was used and the result (Table 15.) shows that the efficiency
of the cyclone is very low at low flow rate for heavier oil gravity (200 API). Separation
became very difficult because of high residence time and lower acceleration force.
Compared with higher flow rates (Tables 12 and 13), better separation and high
efficiency rate are the result of higher acceleration force and lower residence time.
Table 15: Effect of oil density in oil-water separation with DOWS in WOR of 96%
0

API

15

20

135 (849)

135 (849)

135

(849)

135 (849)

Oil to surface, m / day(STB/D)

3.069 (19.3)

3.2 (20.1)

3.595 (22.6)

3.6 (22.6)

Water to surface, m3/ day(STB/D)

77.93 (490)

77.8 (489)

86.2 (542)

85.4 (537)

54

54 (340)

45.2 (284)
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3

Gross rate, m / day(STB/D)
3

3

Water injected, m / day(STB/D)

(340)

30

40

(289)

Surface water cut,%

96.2

96

95.9

95.9

Efficiency,%

56.8

60

66.5

66.5
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100
135cu.m/d

160cu.m/d

240cu.m/d

385cu.m/d

90
80
70
Efficiency(
%)
60
50
40
30
20
10
0
0

5

10

15

20

25

30

35

40

45

API

Figure 6.9: Variation of cyclone efficiency with oil density for four different well flow rates

6.4 THE EFFECT OF INLET CONFIGURATION

One of the important parameters of the LLHC is the inlet configuration. The main goal is
to inject the fluid with high tangential velocity, avoiding the rupture of the droplets.
Post-processing software was used to create a showing similar shape and geometry of
LLHC with a but modified inlet diameter (reduced from two inches to one inch). The
cyclone was under the same conditions as previous runs in order to understand maximum
and minimum operating conditions of the cyclone. The results are shown in Tables 16
and 17.
0

API

Table 16: Effect of reduced inlet in oil-water separation with WOR of 98 %
15
30
3

Gross rate, m / day(STB/D)

40

240 (1540)

240 (1540)

240 (1540)

4.19 (26.354)

4.7 (29.56)

4. 3 (27.046)

Water to surface, m / day(STB/D)

117,8 (741)

117.3 (737.8)

111.7 (702.57)

Water injected, m3/ day(STB/D)

118 (742.2)

118(742.2)

124 (780)

Surface water cut ,%

96.5

96

96.2

Efficiency , %

76

85

77.8

Oil to surface, m3/ day(STB/D)
3
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Table 17: Effect of reduced inlet in oil-water separation with WOR of 97%
API
20
30

0

3

Gross rate, m / day(STB/D)

40

160 (1010)

160 (1010)

160 (1010)

3.8 (24)

3.85 (24.2157)

4 (25.16)

113.2(712)

113.15 (711.7)

113 (710.748)

43 (270.46)

43 (270.46)

43 (270.46)

Surface water cut, %

96.7

96.7

96.5

Efficiency, %

79

80

83.3

3

Oil to surface, m / day(STB/D)
3

Water to surface, m / day(STB/D)
3

Water injected, m / day(STB/D)

To summarize Table 16 (240 m3/ day), over half of the produced water was injected to the
formation while the other half was brought to the surface. Surface oil percent was
improved from 2 % to 3.5%. In the previous run with large inlet diameter surface oil
percent was increase from 2% to 4% and total water brought to the surface was reduced
to 97 m3/ day, or 41%. Figure 6.10 shows the efficiency of the cyclone with different
inlet diameter or higher inlet-velocity for two different well flow rates.

100
160cu.m/d(WOR=97%)

240cu.m/d(WOR=98%)

90

Efficiency(
%)
80

70

60

50
0

5

10

15

20

25

30

35

40

45

API

Figure 6.10: Variation of cyclone efficiency with oil density for two different flow rates with smaller
inlet size
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Figure 6.11 Variation of cyclone efficiency with well flow rates for two different inlet design

Figure 6.11 shows the results obtained for two different cyclone designs based on inlet
diameters. Two separate oil densities were used with each cyclone design under two
different well flow rates. The efficiency of cyclones shows an increasing trend with
increase in flow rates when 300 API oil is in the mixture. Whereas, the efficiency of both
cyclones decreases with increase in flow rate for 150 API oil-water mixtures.
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CHAPTER VII: CONCLUSIONS AND RECOMMENDATIONS
7.1 CONCLUSIONS

In this research, the effect of fluid properties and operational parameters are studied for
down-hole hydro-cyclone separation (DOWS). Two different physical models are used to
represent DOWS. The fluid flow and the performance were modeled with the
Computational Fluid Dynamics program available at WVU. The work consists of four
different oil densities of 15, 20, 30 and 40o API and four different well production rates
of 385, 240, 160 and 135 m3/d. Based on the result, the following conclusions are
presented:
•

The CFD model was successfully used to represent down-hole cyclone
separators.

•

Hydro-cyclone separation efficiency increases with increase in oil API density.
This increase was more pronounced at lower flow rates. At high rates the
efficiency values were the same for all oil density values.

•

For runs conducted at the wellbore flow rate of 385 m3/d, the surface water cut
percentage values were 90.3% and 91.6% for 300 and 150 API oil, respectively.

•

Surface water cut values were 90.3% and 91.6% for 30o and 150 API oil,
respectively, for the wellbore flow rate of 240 m3/d.

•

At the wellbore flow rates of 160 m3/d, the surface water cut percentages were
97, 96 and 97 for 200, 300 and 400 API oil density, respectively.

7.2 RECOMMENDATIONS
•

Effect of different cyclone geometry on efficiency of oil separation needs to be
studied.

•

Separation efficiency of more than one cyclone installed in series needs to be
studied.

•

Further research is needed to determine the optimum pressure setting of downhole hydro-cyclone .
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